Autoimmune diseases are caused by self-reactive lymphocytes that have escaped deletion. Here we have determined the structure of the trimolecular complex for a T cell receptor (TCR) from a patient with multiple sclerosis that causes autoimmunity in transgenic mice. The structure showed a TCR topology notably different from that of antimicrobial TCRs. Rather than being centered on the peptide-major histocompatibility complex, this TCR contacted only the N-terminal peptide segment and made asymmetrical interactions with the major histocompatibility complex helices. The interaction was dominated by the hypervariable complementarity-determining region 3 loops, indicating that unconventional topologies are possible because of the unique complementarity-determining region 3 sequences created during rearrangement. This topology reduces the interaction surface with peptide and alters the geometry for CD4 association. We propose that unusual TCR-binding properties can permit autoreactive T cells to escape deletion.
Autoimmune diseases are caused by aberrant responses of self-reactive T cells and B cells, which are present in every person despite elaborate mechanisms for eliminating or silencing such cells 1 . T cell receptors (TCRs) recognize peptide fragments bound to major histocompatibility complex (MHC) glycoproteins, and rearrangement of TCR gene segments during T cell development in the thymus produces a highly diverse repertoire 2 . This enormous diversity ensures that almost any pathogen-derived peptide can be recognized during an infection, but also creates an autoimmunity hazard. Immature thymocytes undergo selection based on recognition of self peptide-MHC complexes, and the outcome represents a delicate balance: survival of thymocytes depends on weak interactions with self peptide-MHC complexes (positive selection), whereas apoptosis is induced by stronger TCR signals (negative selection) [3] [4] [5] . Almost all 'tissue-specific' antigens are presented to immature T cells in the thymus by a specialized subpopulation of medullary epithelial cells 6 . 'Promiscuous' antigen expression by these cells is in part regulated by the transcription factor Aire, and deficiency in this protein results in autoimmunity against multiple organs in mice and humans 7, 8 .
Why do some autoreactive T cells escape negative selection? For some antigens, failure of negative selection has been attributed to an unusually low affinity of the self peptide for the MHC 9 or to alternative splice forms in the thymus that do not contain the T cell epitope 10 . However, these mechanisms do not account for most autoimmune T cell epitopes. They also do not explain the presence of T cells that recognize a peptide consisting of myelin basic protein (MBP) residues 85-99 in patients with multiple sclerosis, because this peptide binds with high affinity to HLA-DR molecules 11 and the antigen is expressed in the thymus 6, 12 . Failure of negative selection and ensuing autoimmunity can result from an altered TCR signaling threshold, as has been demonstrated in a spontaneous autoimmune arthritis model (SKG mice) 13 . These mice have a point mutation in the gene encoding an important TCR signaling molecule, the tyrosine kinase Zap70, and the weakened TCR signal results in positive selection of normally negatively selected autoimmune T cells. In theory, alterations in thymic selection thresholds could also result from changes in the interaction of TCR and its coreceptor with self peptide-MHC, but all reported crystallographic studies of TCRpeptide-MHC complexes have demonstrated a similar position of the TCR on the peptide-MHC complex [14] [15] [16] [17] [18] [19] [20] [21] . This binding mode maximizes the contact surface with the bound peptide and positions the TCR diagonally across the peptide-MHC surface 14, 15, 22, 23 such that the most diverse loops of both TCR chains (complementarity-determining region 3 (CDR3) loops) converge on the central peptide residue.
The TCRs studied so far are mainly from infectious disease 14, 17, 18, 24 and alloreactivity 15, 16, 20, 21 settings characterized by intense T cell competition. The Ob.1A12 TCR studied here emerged in a biological context very different from that of other human receptors studied by X-ray crystallography and represents one of the best-characterized TCRs from a human autoimmune disease. This TCR was isolated from a patient with relapsing-remitting multiple sclerosis 11, 25 by stimulation of blood mononuclear cells with MBP in conditions in which only a fraction of the wells contained MBP-reactive T cells (the 'split-well' technique) 26, 27 , thus avoiding in vitro competition among MBP-reactive T cells. The Ob.1A12 T cell clone recognizes the immunodominant peptide of MBP residues 85-99 bound to the disease-associated HLA-DR2 (DRA, DRB1*1501) molecule 11 , and experiments using a monoclonal antibody specific for this peptide-MHC combination have demonstrated that this MBP peptide is displayed by antigen-presenting cells in active multiple sclerosis lesions 28 . The pathogenic potential of the Ob.1A12 TCR has been demonstrated in transgenic mice that express this human TCR and HLA-DR2, which after immunization with the MBP peptide develop central nervous system-specific autoimmunity at sites frequently affected in the human disease, such as the optic nerve, cerebellum, brainstem and spinal cord 29 . Spontaneous central nervous system inflammation was noted in approximately 4% of these mice, increasing to 100% when the mice were bred onto a recombination activating gene 2-deficient background. We demonstrate here that this TCR engages its self peptide-MHC target with a topology notably different from that of previously studied antimicrobial TCRs. The differences in topology between antimicrobial and an autoimmune TCR may reflect distinct selection pressures: whereas T cells with an optimal fit for a microbial peptide-MHC complex are favored during an infection, autoreactive T cells whose TCRs have an optimal fit for a self peptide-MHC complex are the most likely to be deleted in the thymus.
RESULTS
Initial efforts to crystallize the complex using separately expressed Ob.1A12 TCR and MBP-DR2 did not yield crystals of the complex, and we therefore used the strategy for the creation of stable TCRpeptide-MHC complexes initially described for the influenza hemagglutinin-reactive HA1.7 TCR 24 . The MBP peptide was attached to the N terminus of the TCRb chain through a flexible linker so that binding of the MBP peptide to DR2 created a stable complex. We determined the structure to a resolution of 3.5 Å by molecular replacement ( Table 1 ). The structure showed many unusual features with respect to the overall topology and the interaction of TCR with both peptide and MHC (Fig. 1a) .
Topology of the complex The HA1.7 TCR is the only other human MHC class II-restricted TCR for which the structure of the trimolecular complex has been determined to our knowledge 24 (Fig. 1b) , and its binding topology is very similar to that of the mouse D10 TCR 19 that recognizes a conalbumin a b Figure 1 Unconventional binding site for a human autoreactive TCR on its peptide-MHC target. 
where F o and F c are the observed and calculated structure factor amplitudes, respectively. R cryst is based on 95% of data; R free is used for cross-validation, based on the remaining 5% of data.
peptide bound to I-A k . These TCRs are centered over the peptide-MHC surface, and the CDR3 loops create a 'pocket' for the centrally located peptide side chain at position 5 (P5; Fig. 1b) . The approximately diagonal-to-orthogonal orientation over the peptide-MHC surface (701 for HA1.7; 801 for D10) permits close contacts with the bound peptide by avoidance of the high points of the MHC helices and the ridge created by the N terminus of the peptide. A very similar topology has been noted for all MHC class I-restricted TCRs, with the crossing angle ranging from 451 to 701 (refs. [14] [15] [16] [17] [18] 20, 21) .
The topology of the complex between Ob.1A12 TCR and MBP-DR2 is notably different in many important aspects. Rather than being centered over the peptide-MHC surface, this TCR only contacts the N-terminal peptide segment ( Fig. 1a and Supplementary Fig. 1 online). This lateral translation is considerable: 11.4 Å between the centers of mass of Ob.1A12 and HA1.7 (as a reference, the distance between the C a atoms of the P1 and P9 peptide residues is 24.8 Å ). As a result, the Ob.1A12 TCR makes only a lateral interaction with the central P5 peptide residue and is instead positioned over the P2 peptide residue (histidine; Fig. 1a ). The interaction with the MHC helices is also not symmetrical because of a shift (Fig. 1a , top, downward shift) and considerable tilt toward the DRb helix (Fig. 1a , bottom, tilt toward viewer; 26.71 relative to HA1.7). Finally, the line drawn through the center of mass of variable (V) regions V a and V b (Fig. 1) pointed into an opposite direction compared with that of HA1.7 (rotation of 401 relative to HA1.7). This crossing angle (1101) was far outside the range noted in previously determined structures for MHC class I-or MHC class II-restricted TCRs. This binding mode positions Ob.1A12 TCR over the high point of the DRa helix and the ridge created by the Nterminal extension of the peptide, indicating that these topological features do not preclude TCR binding. It has been argued that avoidance of these surface features represents a general property of TCR binding 19 , but this structure demonstrates that there is more than one topological solution for productive binding of TCR to peptide-MHC. The interaction of the Ob.1A12 TCR with its self peptide-MHC target is thus characterized by an off-center binding mode in which only the N-terminal segment of the peptide is contacted and the interaction with the MHC helices is highly asymmetrical.
The CDR3 dome
The 'footprint' of the Ob.1A12 TCR on the MBP-DR2 surface ( Fig. 2) demonstrates that a large fraction of the interaction surface is formed by the CDR3 loops of TCRa (28.9%) and TCRb (37.6%). The CDR3 loops converge on the P2 peptide side chain (histidine), and functional experiments with the Ob.1A12 T cell clone have demonstrated a high degree of specificity for this peptide residue 11, 30 . In contrast, the contact surfaces for the germline-encoded CDR1 and CDR2 loops of TCRa and TCRb are considerably smaller (Fig. 2) . In comparison, the HA1.7 structure shows contributions to the contact surface to be more evenly shared among all CDR loops (discussed below).
More detailed analysis of the pocket created by the two CDR3 loops showed a highly unusual feature: this dome-shaped cavity is large enough to accommodate both an MHC residue (DRb81 His) and a peptide side chain (P2 His; Fig. 3 ). This feature is unprecedented, as the corresponding pocket in other TCRs accommodates a single peptide side chain but no MHC residue. The histidine from the peptide (P2 His) is contacted by both CDR3 loops (Y98a and A103b), whereas the histidine from the MHC is contacted mainly by CDR3a (S95a). The cavity is open to one side and this space is filled by a The TCR CDR3a and CDR3b loops (yellow and red, respectively) dominate the interaction and converge over peptide residue P2 His. The CDR3a loop also contacts a histidine from the DRb chain helix (DRb81 His). The CDR1 and CDR2 loops of TCRa (green and cyan, respectively) and TCRb (purple and pink, respectively) cover smaller surface areas.
segment of the DRb helix (Fig. 3b) . Another peptide residue essential for T cell activation, P3 Phe, is nestled between a hydrophobic shelf of the DR molecule and the large surface of the CDR3b loop (Fig. 3a) .
Relationship between structure and function Before determination of this structure, several aspects of the functional data could not be readily explained. First, specificity of TCR recognition was confined to a small segment of the peptide; in particular, residues P2 His and P3 Phe 11, 30 . Substitution of these residues by any other amino acid abolished or greatly reduced the stimulatory capacity of the peptide (Fig. 4a,b) . The valine at position À1 (P À1 Val) and P5 Lys make smaller contributions to TCR recognition, and only some substitutions affect T cell activation 30 . The structure showed that only the CDR3 loops of the Ob.1A12 TCR contact MBP peptide side chains (Figs. 4c and 5), compared with four HA1.7 TCR loops (CDR1 and CDR3 loops from both chains) that make substantial contacts over a nine-amino acid segment of the hemagglutinin peptide (from P À1 to P8; Fig. 5 ). Moreover, many substitutions in the C-terminal peptide segment that did not affect DR2 binding had little or no effect on T cell stimulation 11, 30 . The absence of any contacts by the Ob.1A12 TCR to this part of the peptide (Fig. 2) accounts for these findings. Furthermore, the Nterminal peptide segment to P À4 was required for efficient T cell activation: without truncation of the P À4 residue the potency was about 10-fold more, and the activity was almost completely lost by truncation of P À3 (ref. 11). This finding was puzzling, because the HA1.7 and D10 TCRs reached only to P À1 (refs. 19,24) . The crystal structure of the Ob.1A12 TCR showed that the N-terminal peptide segment 'arches up' to the TCR and that the CDR2 loop of TCRb contacts the peptide backbone at P À4 (Fig. 5) . The interaction of the TCR with the peptide backbone also explains why Ala could be substituted for Glu at P À4 without loss of activity. The requirement for the N-terminal extension of the MBP peptide means that T cell stimulation is dependent on the presence of processing products of particular lengths. Thymic epithelial cells and dendritic cells in peripheral lymphoid organs express different proteases (such as cathepsin L versus S in thymic epithelial cells and peripheral dendritic cells, respectively) 31 , raising the possibility that differential processing of MBP allows T cells that express this TCR to escape negative selection and mediate an inflammatory disease.
Interaction of the TCR with MHC helices
The contribution of the germline-encoded CDR1 and CDR2 loops to MHC binding differs substantially between the Ob.1A12 TCR (Fig. 6a) and HA1.7 TCR (Fig. 6b) . In the HA1.7 structure, the germline-encoded CDR1 and CDR2 loops of V a and V b make most of the contacts with the MHC helices (Fig. 6b) . Similar findings in other structures led to the proposal that this diagonal orientation is general, even though no universal MHC contact residue was identified in mutagenesis experiments 22, 32 . In contrast to the situation with the HA1.7 TCR, the hypervariable CDR3 loops of the Ob.1A12 TCR make most of the contacts with the MHC helices (seven TCR residues; Fig. 6c ), rather than the germline-encoded CDR1 and CDR2 loops (three TCR residues; Fig. 6a ). The CDR3b loop of Ob.1A12 TCR spans both MHC helices, and three of these four TCRb residues are encoded by nucleotides that were randomly inserted between the variablediversity and diversity-joining junctions during rearrangement of the Ob.1A12 TCRb chain (Fig. 6c) . The hypervariable TCR loops thus seem to be essential in specifying the orientation of this TCR on the MBP-DR2 complex. We noted large differences in the location of particular CDR loops compared with those of HA1.7: the difference in location of the tip of the CDR3a loop for HA1.7 versus Ob.1A12 is 15.6 Å (Fig. 6c,d ), and the difference for CDR2b is even larger (18.3 Å ). Only the CDR1 and CDR2 loops of TCRa are located in a similar position on the DRb chain helix in the Ob.1A12 and HA1.7 structures, but only two TCR residues from these loops contact the DRb helix in the Ob.1A12 structure, compared with five in the HA1.7 complex (Fig. 6a,b) . A single MHC residue (DRb77 Thr) is contacted by the germline-encoded CDR1 and CDR2 loops of both TCRs. Only the two CDR3 loops of the Ob.1A12 TCR contact peptide side chains; the CDR2b loop contacts the peptide backbone at P À4. In contrast, four TCR loops of HA1.7 (CDR1 and CDR3 loops of both chains) contact peptide side chains. Yellow, TCRa loops (a1, a2 and a3); red, TCRb loops (b1, b2 and b3). Thick lines, TCR loops that contact peptide; thin lines, TCR loops that do not contact peptide. Peptide positions are numbered as in Figure 4 . Blue, MHC helices; green, peptide backbone.
TCRs, and this MHC residue is contacted by different TCR amino acids (N30a for Ob.1A12 TCR; Y31a and S51a for HA1.7 TCR), indicating that the similarity in the overall position of the TCRa CDR1 and CDR2 loops is not due to conserved contacts. A key difference between the two structures is that DRb81 His is contacted by the germline-encoded CDR1 loop of HA1.7 but by the hypervariable CDR3 loop of the Ob.1A12 TCR. It is possible that a certain general orientation of the TCRa chain on peptide-MHC complexes is required for association of the CD4 coreceptor or other molecules involved in T cell activation.
Geometry of CD4 coreceptor binding
The CD4 coreceptor binds to the membrane-proximal MHC class II domains 33 and is essential for T cell development and T cell function by recruiting the tyrosine kinase Lck 2 . We examined potential consequences of the altered topology to recruitment of the CD4 coreceptor, which is important in early TCR signaling. We superimposed the TCR V domains of the Ob.1A12 TCR (Fig. 7a) and HA1.7 TCR (Fig. 7b) to examine the location of the CD4 binding site on the MHC molecule relative to TCR; we have presented this as the relative position of peptide-MHC in these two complexes when the TCR V domains are superimposed. CD4 binds to the membrane-proximal MHC a2 and b2 domains under the b-sheet of the peptide-binding site 33 (Fig. 7c) . This alignment showed that the geometry of the interaction with the CD4 coreceptor is altered for the Ob.1A12 TCR. Preliminary functional studies with a blocking antibody to CD4 demonstrated that proliferation of the Ob.1A12 T cell clone was partially inhibited, indicating that the altered geometry does not result in a complete loss of CD4 function (data not shown).
DISCUSSION
This structure demonstrates a TCR-binding topology that is very different from that of previously determined structures for other TCRs. Does this TCR represent an isolated case? Most MBP-reactive T cell lines (60 of 75 lines) from this multiple sclerosis patient recognized the peptide of MBP residues 84-102, and clones established from seven of eight independent lines used the same V a -J a , V b -J b gene segments 25 . TCRs from six of these clones (represented by clone Ob.2F3) had the same nucleotide sequence, reflecting substantial in vivo expansion. The seventh clone (Ob.1A12) differed from this group at one residue in CDR3a and two residues in CDR3b. Notably, clones Ob.2F3 and Ob.1A12 had an identical 'fine specificity' for P À1 Val, P2 His and P3 Phe when analyzed with a large panel of analog peptides 30 . The clones differed only in the fine specificity for P5 Lys, which is explained by the two amino acid difference in the CDR3b loop that contacts P5 (ref. 30 ). These clones therefore make very similar contacts to the DR2-bound MBP peptide, indicating that the T cell response to MBP in this multiple sclerosis patient is dominated by T cells with unusual topology. Given the considerable sequence diversity among TCRs, it is notable that all TCRs previously studied showed a similar position on the peptide-MHC complex. It has been proposed that this topology is the product of coevolution of TCR V genes and MHC genes, and that the germline-encoded CDR1 and CDR2 loops have an inherent bias to bind to the MHC helices 34 . The structure we have reported here shows that an alternative topology is possible and that T cells that express such a receptor can be functional and induce an inflammatory disease. We propose that the predominant conventional topology is not only the product of coevolution but also the result of selection. Unconventional topologies may be more prevalent among immature thymocytes than is now appreciated, and thymic selection may eliminate substantial numbers of such cells because of affinities outside the appropriate range 35 microbial adjuvant may thus represent the best available fit for a given peptide-MHC surface, a hypothesis supported by a large body of functional data. In contrast, an autoimmune T cell repertoire is shaped by thymic selection 9 , but a fraction of autoreactive T cells nevertheless evades these elaborate mechanisms. We propose that the altered topology described here has three main consequences. First, it reduces the affinity of the TCR for the peptide-MHC target, in part by reducing the contact surface. The buried surface area for the Ob.1A12 TCR (1,606 Å 2 ) is substantially smaller than that for the HA1.7 TCR (2,054 Å 2 ), and previous studies have shown that the Ob.1A12 TCR binds to DR2-MBP with low affinity 37 . Comparison of the Ob.1A12 T cell clone to a panel of clones specific for hemagglutinin residues 306-318 demonstrated that the hemagglutinin clones were more sensitive to peptide stimulation (a difference of about 1 log in dose-response curves (data not shown)). Second, it alters the geometry of the complex, which may affect its interaction with the CD4 coreceptor and possibly other molecules during the formation of immunological synapses. The organization of these synapses differs in important ways between thymocytes and mature T cells. In mature T cells, the TCR localizes to the center and the CD4 coreceptor moves only transiently through this zone [38] [39] [40] . In thymocytes in conditions of negative selection, the TCR remains with the CD4 coreceptor in the periphery of the synapse 41 . These findings raise the possibility that CD4 function is differentially affected in immature and mature T cells by an altered geometry of TCR binding to peptide-MHC. The combination of reduced affinity and altered geometry may have allowed this autoreactive T cell to evade elimination in the thymus and at the same time maintained its ability to induce an inflammatory process. Because rather subtle changes in peptide structure, epitope density or signaling threshold can profoundly affect thymic selection 5, 13 , relatively small changes in the signals resulting from engagement of this unusual TCR may have been sufficient to increase the chance for survival in the thymic microenvironment. Third, a reduced interaction surface with the peptide may increase the risk that such T cells are activated by microbial peptides with sufficient structural similarity to the self-antigen. Five microbial peptides have been identified that activate the Ob.1A12 T cell clone, and only P2 His and P3 Phe are identical to the MBP peptide among all these peptides 30, 42 . It is possible that this TCR can recognize other unrelated peptides in a conventional topology, for example, during positive selection, but this hypothesis has yet to be tested experimentally.
The crystal structure of a mouse autoimmune TCR has been reported 43 . The TCR was isolated from a T cell clone that induces experimental autoimmune encephalomyelitis and recognizes the acetylated N-terminal peptide of MBP amino acids 1-11 bound to I-A u . This TCR binds to its peptide-MHC target in a conventional diagonal orientation, but the MBP peptide occupies only two thirds of the binding site. Thus, both autoimmune TCRs that have been characterized so far in structural terms show highly aberrant binding properties that result in a reduced TCR contact surface with peptide. The reduced interaction surface with peptide is due to an unconventional topology of TCR on the peptide-MHC complex (human TCR) or an unusual binding register of the peptide that leaves part of the binding site empty (mouse TCR). TCRs with such aberrant binding properties would be 'out-competed' by clones with optimal peptide-MHC interactions in an antimicrobial immune response. However, TCRs with aberrant binding properties may not be uncommon in autoimmune settings, because such binding properties may increase the probability that autoreactive T cells escape deletion in the thymus.
Previous structures have demonstrated a conventional TCR topology in which the germline-encoded CDR1 and CDR2 loops make most of the contacts with the MHC helices. The unconventional topology described here for the Ob.1A12 TCR is dependent on the hypervariable CDR3 loops that form unusual interactions with both MHC and peptide. The high degree of structural diversity at the V-(D)-J junctions can thus result in unusual TCR-binding properties, with the potential for pathological consequences.
METHODS
Protein expression and crystallization. The ectodomain of Ob.1A12 TCR was expressed in the baculovirus system with constructs containing the TCRa and TCRb V and C domains up to the interchain disulfide bond; efforts to express this TCR in Escherichia coli as a two-chain or single-chain molecule were unsuccessful. The MBP peptide sequence (ENPVVHFFKNIVTPR) was covalently linked to the N terminus of the mature TCRb chain through a flexible linker (GGSGGGGG). Cysteine residues not involved in disulfide bonds were substituted with serine. The protein was purified from the supernatant of infected Sf9 cells with a protein C epitope tag at the C terminus of the TCRb chain. Fos and Jun leucine zipper dimerization domains at the C terminus used to facilitate heterodimer formation were removed by thrombin cleavage after purification. HLA-DR2 (DRA, DRB1*1501) was purified from baculovirusinfected Sf9 cells as described 44 . Complexes of TCR-peptide and HLA-DR2 were formed at a pH of 5.8 by incubation of TCR, HLA-DR2 and HLA-DM at a molar ratio of 6:4:1 for 18 h at 22 1C. Unbound TCR was removed by affinity chromatography using the L243 monoclonal antibody to DR 44 , and complexes were separated from free DR by hydrophobic interaction chromatography. The complex was pure and monodisperse, based on analysis by SDS-PAGE, isoelectric focusing PAGE and dynamic light scattering. The complex was concentrated to 12.6 mg/ml in 25 mM Tris, pH 7.5, 1 mM EDTA, 1 mM PMSF and 1 mM leupeptin. Crystals were grown by the hanging-drop vapor-diffusion method against a reservoir of 1.3 M sodium tartrate, 50 mM ammonium formate and 50 mM HEPES, pH 7.0, at 25 1C. Crystals grew as parallelogramshaped plates up to a volume of 0.2 Â 0.2 Â 0.1 mm and were cryoprotected by the addition of glycerol to 15% and LiCl to a concentration of 0.5 M. A total of 441 crystals were screened at the National Synchrotron Light Source at Brookhaven National Laboratories (Upton, New York), and a data set was collected at beamline X29 at a wavelength of 1.1 Å with 1.0-degree oscillation and was evaluated with the HKL2000 program 45 . The space group was F222 with one complex in the asymmetric unit and a solvent content of 75%. The resolution was 3.5 Å based on an average I/s(I) of more than 3 (average of 3.8 for the shell of highest resolution). The data extended to 3.2 Å with an average I/s(I) of 2.0 for the shell of 3.41-3.2 Å ( Table 1 , data statistics).
Structure solution and refinement. The structure was solved by molecular replacement using the Phaser program 46 . The HLA-DR2 component 44 (Protein Data Bank accession number, 1BX2) could be readily located (R overall ¼ 49.7%). The TCRb chain was subsequently located with the 3.0-Å model of TCRb from the V b 2.1-streptococcal pyrogenic exotoxin C2 complex (Protein Data Bank accession number, 1KTK) 47 . By varying the elbow angle between the V and C domains of the TCRb chain, we created a set of search models of which one gave a satisfactory solution (C domain rotated À91 relative to the V domain around E119). After positioning of the TCRb chain, the TCRa model of HA1.7 (Protein Data Bank accession number, 1FYT) 24 could be manually positioned opposite the b-chain counterpart and rigid body could be refined in the Phaser program. The resulting complex was refined with the crystallography and nuclear magnetic resonance system (CNS) program 48 and the CDR loops were built into the electron density with the O program 49 . Special care was taken to prevent model bias by building crucial parts of the structure including the peptide, CDR loops and MHC helices with the help of omit maps. Subsequent 'runs' of positional and temperature factor refinement led to a drop in the R free to 31.8% between 20 Å and 3.5 Å . As in the structure for the complex of A6 TCR and HLA-A2-Tax 14 , Ca had little continuous density and was therefore removed from the model. The linker connecting the C terminus of the peptide with the N terminus of TCRb as well as the last residue of the MBP peptide were not visible in the electron density map. The distance between the termini was 20 Å , and the octapeptide linker was of sufficient length (about 30 Å ) to not constrain the interaction of TCR with the peptide-MHC complex. Also, the same linker had been used in the HA1.7 structure 24 for which the topology of TCR-peptide-MHC interaction was very distinct. There was no evidence that crystal contacts influenced the overall topology of the complex. All observed hydrogen bonds and salt bridges between symmetry-related molecules were between MHC chains (DRa-DRa and DRb-DRb). A sugar group at Asn118 of DRa was included in the model. Figures 1 and 4-7 were prepared with MolScript (www.avatar.se/molscript/) and Figures 2 and 3 , with GRASP (http://trantor.bioc.columbia.edu/grasp/).
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